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INTRODUCTION 
A. STATEMENT OF PROBLEM 
Previous work done at the Missouri School of Mines and ~tallurgy 
on the deposition of titanium upon various metals, especially iron and 
steel, bas shown that titanium can be deposited upon ingot iron and. low 
carbon steels with comparitive ease. Difficulty was encountered in 
attempts to deposit titanium upon steels of higher carbon content and 
upon cast irons. 
For this reason, it was decided to investigate more thoroughly 
the relationship between the carbon content of various steels and the 
quality of titanium coa~ings deposited on these steels. Once this 
relationship had been established, a suitable theoretical explanation 
was evolved to account for the experimental results. Various methods 
were then considered to circumvent the limitations imposed by the 
carbon content as shown by _the experimental results. 
If . satisfactory coatings of titanium could not be obtained on 
steels above a certain carbon content, serious limitations would be 
imposed upon the industrial application in which coated steel articles 
above a certain carbon content could be put to use. The corrosion 
resistance of steel shapes could be increased by coating w1th titanium 
due to the well known corrosion resistance of elemental titanium, and 
the usefulness of such shapes would be increased. 
B. ANALYSIS OF PROBLEM 
Upon first consideration of' the problem as previously stated, the 
problem resolved itself' into four divisions: 1) The development of' a 
sui 'tabl.e exam:l.Dation and eva1ua:tion procedure f'or tbe deposited coatings 
of ti tani mn, 2) the determination o:f the correlation between the 
quality o:f the titanium coatings and the carbon content of the steel, 
.3) development o:f a theoretical explanation :for the experimental 
correlation obtained and, 4) consideration and preliminary study o:f 
2 
methods that will by-pass the limitations imposed by the carbon content 
in plating steels of higher carbon contents. 
The examination and evaluation procedures were developed more or 
less by trial and error means, with the objective in view that these 
procedures should be relatively simple and afford accurate results. 
The deterrndnation of the relationship between the quality of the titanium 
coatings and carbon content consisted o:f plating steels o:f varying carbon 
content and evaluating the results. It was :felt that the quality o:f the 
coatings obtained could be correctly evaluated by obtaining the increase 
in weight of the sample upon plating, subjection o:f the sample to 
innnersion in nitric acid, and by visual microscopic examination. 
C. REVIEW OF LI'mRATURE 
Little previous work bas been reported that deals directly with 
the influence o:f carbon content on the :formation o:f titanium coatings 
1) 
on steel, or upon the diffusion o:f titanium into steel. Laissus in 
(1) Laissus, J., Contributions to the study of Metallic Cementation: 
Cementation of' Iron Alloys by Titanium and Zirconium, Revue de 
Metallurgie, Vol. 24, 1927, p. 764. 
1927 used a cementation procedure to obtain a coating of' titanium on 
steels o:f various carbon contents. A :ferrotitanium powder was used of' 
composition T1 = 33.4~ and C = 8.37% at temperatures below ll00°C. 
After consideration of the Iron - Carbon - Titanium phase diagram, it 
3 
it was concluded that cementation would be possible because of several 
zones of solid solubility existing at the iron end of the diagram. The 
coatings obtained were assumed to be an iron-titanium solid solution, 
obtained by diffusion. From the photomicrographs shown, very uniform 
coatings were obtained. It was also f'ound that the thickness of' the 
cemented coatings increased rapidly with temperature. The thickness 
of the cemented layer showed a gradual decrease with increasing carbon 
2) 
content. Kase investigated the cementation of iron by ferrotitanium 
(2) Kase, T., Metallic Cementation VIII--Cementation of Some Metals 
(Iron) by means of Titanium (Ferrotitanium) Powder, Kin~-oku no 
Kenkyu, Vol. 13, 1936 (2), p. 50. 
powder. The cemented surfaces were found to be harder than the 
original surface, but the cemented coatings gave little advantage 
with regard to corrosion resistance. The temperatures used were in 
the range 800-l300°C. 
3) 
Cornelius and Bollenrath conducted experiments on the diUusion 
( 3) Cornelius, lt. and Bel1enrath, F • ., The Effect of Carbon on the 
Diffusion of some El ements in Stee1, Arch. EisenhUttenw., 15, 
1941, p. 145-152. 
of." titanium in steels with 0.05 to 1.3% carbon at temperatures not 
exceeding 1150°C. The diffusion of' elements, particularly those 
which form carbides is greatly affected by the carbon content. A 
carbide film was f'ound to f'orm on the surface of the steel, hampering 
the diffusion, the more so the stabler the carbide. Thus steels with 
appreciable carbon content hardly absorb any titanium. The carbide 
film blocks the penetration, not only of the stable carbide forming 
elements, ·· but aiso impedes the diffusion of elenents which 1im:i. t the 
4 
gamma region but do not form carbides. 
In work done not directly relating to the deposition of titanium 
coatings, the effect of the carbon content in the steel treated has 
4) 
been noted. Kramer and Hafner 1 in work done on the chromizing of' 
(4) Kramer and Hafner, Chromizing of' Steel, Trans. AIME, Vol. 154, 
1943,· p. 415. 
steel, report that chromized layers on the order of o.oo4 inches thick 
were obtained on low carbon steels. It was found that the presence of 
carbon greatly influences the chromizing process. When a steel of 
carbon content 0.18/fo was subjected to the chromizing treatment for 
8 hours at 1000°C1 a carbide layer was forned which inhibited the 
diffusion of chromium into the base metal. It appeared that in order 
to cbromize successfully, the carbon must be combined with carbide 
forming elements such as chromium and molybdenum, which would decrease 
the diffusion rate of' carbon to the surface. If' this is not done, the 
carbon will diffuse from the interior of the steel faster than the 
chromium can diffuse inward, thus forming a carbide layer. 
5) 
Dovey, Jenkins and Randle in a symposium on diffusion coatings, 
(5) Dovey, Jenkins and Randle, Diffusion Coatings, Journal of the 
I nstitute of Metals, 1952, p. 213-236. 
referring to chromizing, found that best results are obtained with a 
low carbon steel. During the coating process, carbon diffuses towards 
the surface as a. result of the concentration gradient set up by pre-
cipi tat ion of cbromi um carbide. This carbide reportedly forms a layer 
at the coating -- core interface and acts as a barrier to chromium 
dif'-t'usion. 
6) 
Daeves found difficulty in chromizing steels of' carbon content 
(6) Daeves, Becker and Steinberg, U. S. Patent 2,255,482, 1939. 
higher than 0.1%. It was found that as the chromium diffuses into 
the steel article, migration of' the carbon f'rom the inside to the 
surface takes place, and this migration is stronger the greater the 
carbon content. As one way of circumventing the limitation imposed 
5 
by the carbon content it was suggested that steel articles can be made 
containing one or more elements having an af'f'ini ty for carbon greater 
than that of' chromium. The alloys may contain titanium in amounts from 
0.1,. to 1.~, but other elements as columbium and zirconium can be used. 
D. APPROACH USED IN THIS WORK 
The examination and evaluation procedures were developed con-
currently with the preliminary determination of' the relationship be-
tween the q~ity of' the titanium coatings and the carbon content. 
Once the examination and evaluation procedures were developed to ·a 
point where they were satisfactory, a slight change in the plating 
process was incorporated to give a better correlation between the 
quality of the coating and the carbon content. When the experimental 
data were collected and evaluated, an attempt was made to develop a 
theoretical explanation of' the results based on a consideration o:f 
the presently accepted iron - carbon - titanium phase diagram. 
Attention was then turned to methods of' circumventing the limita-
tion of' the carbon content. Two methods were considered. One method, 
that of adding el.ements having a greater at'fini ty :for carbon than 
titanium to the steel., could not be carried out due to the un-
6 
availability of steels containing such elenents. The second method, 
dealing with the effect of decarburization upon the deposition of 




A. APPARATUS AND EQUIPMENT 
A list of the apparatus and equipment used in this investigation 
is as follows: 
1) FURNACE - Hayes Electric "Glo-Bar" Furnace. Type A-3, 40 
amps, 162 volts. 
2) FURNACE TEMPERATURE CONTROL - Bristol Pyro~ter Controller 
M:>del 478L. 
3) EXAMINATION OF SPECIMENS - Bausch and Lomb Research Metallo-
graph. 
4) MOUNTING OF SPECIMENS - Buehler M::>unting Press. 
5) CRUCIBLES USED IN PLATING - No. 2 Porcelain crucibles. 
B. REAGENTS AND MATERIALS 
1) STEEL SAMPLES -
Table 1 
Analysis of Steel Samples 
AISI c Mn p 
designation max. 
c 1012 0.10/0.15 0.30/0.00 o.o4o 
c 1015 0.13/0.18 0.30/0.60 o.o4o 
c 1036 0.30/0.37 1.20/1.50 o.o4o 
2) ING<Yr IRON SAMPLES -
Table 2 
Anallsis of Ingot Iron 
c Mn p s 
JDS.X. JDaX. 








3) TITANIUM POWDER -
Table 3 
Screen Analysis of Titanium Powder 






4) COM3TITUENTS OF FUSED SALT BATH -
-------
a) Sodium Chloride - C.P. Grade 
b) Potassium Chloride - C.P. Grade 
5) MOUNTING MATERIAL - Hard crystal 1uc1te powder. 
6) ETCHING REAGENTS -
Table 4 






Plating of the Steel Specimens: 
Composition 
In the determination of the relationship between the quality of 
the titanium coatings and the carbon content, three samples were cut 
w1 th a power hack saw from the stock on hand of the various steels 
8 
used. The rough edges were ground from the three samples with a bench 
9 
grinding wheel. The surfaces of the samples were then finished on a 
belt sander using emery paper of grade No. 2. After a satisfactory 
finish had been obtained, the samples were then weighed to an accuracy 
of 0.1 milligrams, and recorded. The weights of samples ranged from 
approximately two to five grams. After weighing, the surface area of 
each specimen was measured using a millimeter scale to an accuracy of" 
1 square millimeter. 
The samples were then placed in three No. 2 porcelain crucibles 
and were surrounded by titanium powder. The titanium powder was 
agitated to insure a uniform size distribution. The specimens were 
surrounded on all sides by at least 1/4 inch of titanium powder. 
In the early stages of the work, a eutectic mixture consisting 
of 50 mol-percent each of potassium chloride and sodium chloride was 
used as the salt bath in determining the preliminary correlation be-
tween the weight of titanium plated and the carbon content. This 
mixture was evolved from previous work done on the plating of" copper, 
and was carried over to the work on iron and steel. 
After the preliminary correla~ion had been obtained, it was found 
that better results could be obtained by using sodium chloride as the 
salt bath, and this was used in the balance of the experimentation. 
The porcelain crucibles were then filled with sodium chloride, 
and were ready for the furnace. 
The furnace used was of' the Glo-Bar type, having four Glo-bars 
in series. The furnace was allowed to come to the operating tempera-
ture of 950° Centigrade and was al.l.owed to soak at that tenperature 
to obtain a more unif'orm beat distribution. Bone ash was used on the 
floor of the furnace to protect the refractory bottom. The crucibles 
10 
were then placed in the furnace. Fifteen minutes were allowed for the 
salt to melt and the crucible and its contents to come up to temperature. 
The time at the operating temperature was measured from this point, 
and was 6 hours. After the required length of time in the furnace had 
passed, the crucibles were removed, the molten salt poured out, and the 
crucible and resulting compact allowed to cool. The crucibles were 
placed in running water for from 3 to 4 hours to facilitate removal of 
the plated steel. specimen from the compact. The steel specimens were 
then removed and all loosely adhering titanium particles removed. The 
specimens were then weighed to the same accuracy as before, and the in-
crease in weight recorded. The weight of titanium plated per square 
centimeter of surface area was calculated and then plotted against 
carbon content. 
Resistance to Acid Attack: 
The plated steel. specimens were then immersed in a cold 3C1/o 
solution of nitric acid and observed for any evidence of acid attack. 
Examination and EvaluatiQn: 
The plated steel specimens were mounted in bard crystal luci te in 
a Buehler mounting press. The mold temperature was allowed to reach 
130°C before 3000 pounds per square inch of pressure was applied. The 
mold was then allowed to cool, and the specimen ejected at 85°C. 
Several other methods o:f mounting were explored, but this method was 
finally decided on as giving the best results and being the simplest. 
The specimen in the luci te mount was then sectioned by means o:f a hand 
hacksaw, and water was poured occasionally on the specimen to keep it 
from getting excessively hat. The sectioned specin::en was then ground 
to a finer finish on a belt sander, follewed by successive polishing . 
11 
on emery paper down to 3/0 grade. The main purpose of the lucite mount 
was to protect the edge (and hence the plated portion) during the 
grinding and polishing procedure. 
Etchant A was used to bring out the microstructure and also had the 
property of removing the scratches left by the 3/0 emery paper. If 
Etchant B was used., the specimens were polished down to 4/o, then put 
on polishing wheels using #6oo silicon carbide and levigated alumina. 
Excessive edge rounding frequently occurred when these f'inal polishing 
wheels were used. Af'ter polishing and etching, the specimens were 
examined on the Research ~tallograph, and the thickness of' the de-
posited coatings determined by means of' a ca.librated f'ilar micrometer 
eyepiece. The thickness of' the coating was then plotted against carbon 
content. The plated specimens of' each carbon content were then photo-
graphed. 
The other bali' of the sectioned specimen mounted in lucite was 
then put in a concentrated solution of nitric acid, and the steel co~ 
was allowed to dissolve., leaving the titanium coating. The titanium 
coating was then examined f'or continudty. 
Ef'fect of Decarburization: 
To investigate the ef'f'ect of' decarburization upon the weight of 
titanium plated., specimens were cut from the 0.36% C steel stock, but 
no grinding was done on these specimens. Three sets of specimens were 
decarburized at 950°C. A set of specimens consisted of 4 samples, one 
sample being decarburized at each of the different times of 1, 2, 3 3/4 
and 4 1/2 hours. A fourth set of specimens was decarburized at 815°C. 
On two of the three sets of spec~ns decarburized at 950°C1 the 
loosely adhering oxide scale was re:msved, and the tightly adhering 
12 
oxide scale was allowed to remain on the specimens. The specimens o:f 
one set decarburized at 950°C on which the tightly adhering oxide was 
allowed to remain were then weighed, packed in titanium powder and 
plated as described in the plating procedure, except that the time at 
temperature was 8 hours, the temperature remaining at 950 °C. The 
specimens were then extracted :from the resulting compacts, and the 
increase in weight :found. The increase in weight was then plotted 
against decarburizing time (Run 1, Fig. 3). A second run was made 
under the conditions just described to confirm the results obtained 
(Run 2, Fig. 3). 
The oxide scale was completely removed from the two remaining 
sets o:f specimens, one decarburized at 950°C and the other at 815°C. 
The oxide was removed by pickling in dilute hydrochloric acid. No 
evidence of' acid attack on the metal i tsel:f was observed. The increase 
in weight upon plating these specimens at 950°C :f'or 8 hours was found 
and plotted versus decarburizing time. These deca.rburized specimens 
which had been plated after the oxide was completely removed by acid 
were then sectioned, examined, and photographed. A variation in 
polishing procedure was used in polishing these specimens. They were 
ground on the belt sander, polished through 3/0 emery paper, and 
polished using diamond dust o:f 8 and 3 micron sizes to better show 
the thin coatings obtained. A great deal o:f time was spent in 
trying to show the plate obtained to better advantage, but success 
did not reward these efforts. Etchant B was used in etching these 
specimens to minimize the attack of the etchant upon the plate. 
Carburization of Ingot Iron to Show the Effect of a Variation in 
Carbon Content upon · tbe Deposition of Titanium: 
13 
A piece of 5/8 inch round Armco Ingot Iron was box carburized 
for 5 hours at 927°C. The ingot iron was then cut in half, and put 
through the plating procedure, the time at temperature being 6 hours· 
and the temperature 950°C. The plated specimen was then sectioned, 
examined, and photographed to show how the increase in carbon content 
along the edge affected the thickness of the titanium coating. 
D. DATA 
The results of the determination of the relationship between the 
weight of the titanium deposited and the carbon content are shown in 
Fig. 1. The resulting curve is an average one, derived by plotting 
the average of milligrams per square centimeter for three samples for 
any one particular carbon content. 
The correlation of the thickness of the titanium deposited and 
the carbon content is. shown in Fig. 2. This curve is again the result 
of averaging the values obtained for three samples for any one par-
ticular carbon content. 
A summary of the weight of titanium plated, plate thickness, sus-
ceptibility to acid attack and characteristics of deposit is shown in 
Table 5. Included in this summary are the results of the attempts to 
plate a 1.3% carbon steel and a malleabilized cast iron. These attempts 
were made to see if the results obtained in the preliminary correlation 
of the weight of titanium plated and carbon content were borne out. 
The results of the decarburization studies are given in Table 6 and 
Table 71 and grapbi.cally in Fig. 31 Fig. 4 and Fig. 5. 
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Summary of Data Obtained in Correlation of Quality of Coating and Carbon Content 
C&rbe>n Time Temp. Weight of Ti Plate Susceptibility to Characteristics of 
Cemtent (hrs.) (oC) Plated (Mg/ cuP-) 'Ihickness Acid Attack (;~ Deposit 
(in.) HNOs) 
0.01~ 6 950 10.30 
8.40 
0.0011 None Continuous and uniform 
12.00 
0.1~ 6 950 10.1 0.00072 None Continuous and uniform 
10.1 
7.80 
0.15; 6 950 1.71 0.0002 Slowly attacked Slightly patchy and 
2.16 non-uniform 
2.o6 
o.;~ 6 950 1.54 0.00016 Attacked more read- MOre patchy and non-
0.95 ily than 0.15~ c uniform than 0.15% C 
2.85 sample sample 
1.3~ 6 950 None None Vigorously attacked No caating visible 
observed observed 
2.4~ 6 950 o.oo None Vigorously attacked No coating visible 
(as temper 0.003 mgs. 
carbon) plated 
Table 6 
Weights Plated on Decarburized Steel with Oxide Scale Removed 
Specimens Plated for 8 Hours at 950°C 
Decarburization Temperature 815°C 
Decarburization time {hrs.) 
Increase in weight upon 
plating (mgs.) 
Decarburization Temperature 950°C 
Deca.rburization time (hrs.) 
Increase in weight upon 


















Weichts Plated on Decarburized Steel with Oxide r not Removed 
Specimens Plated Hours at 950 C 
Decarburization Temperature 950°C 
Decarburiza.tion time {hrs.) 1 2 3 3/4 4 1/2 5 1/2 
Increase in weight upon 69.5 50.5 23.7 45.5 82.3 
plating {mgs. ) 
148.1 143.3 19.9 72.8 
22 
Figures 6 through 9 show the appearance of the plate on the steels 
of various carbon content. 
Figures 10 through 13 show the appearance of the plate on 0. 3ff/o C 
steel decarburized for 1 and 4 1/2 hours at 815°C and 1 and 4 l/2 hours 
at 950°C. The scratches are due to the 3 micron diamond dust used in 
polishing and could not be removed without excessive edge rounding of 
the specimen. 
Figure 14 shows how the precipitation of titanium carbide took 
place in the corner o£ a specimen o£ 0.36% C steel decarburized for 
5 1/2. hours at 950°C. The oxide scale was removed by grinding. 
Figures 15 through 17 show the effect of an increase in carbon 
content on the thickness of the titanium plated. The base metal is 
ingot iron, carburized for 5 hours at 927°C. 
Fig. 6. 
Ingot Iron 500x 
Etcbant A 
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Plated with titanium :for 6 hours at 950°C. The ingot iron is visible 
in lower left corner of the photograph, with the titanium coating the 
lighter colored band immediately adjacent to it in the center. 
Fig. 7• 
0.12% C Steel 500x 
Etchant A 
Plated with titanium f'or 6 hours at 950°C. The titanium coating is 
the very light band in the upper right portion of the photograph. 
Also shown is the limit of' diffusion of the titanium into the o.~ 




0.15i C Steel 500x 
Etchant A 
Plated with titanium for 6 hours at 950°C. The titanium coating 
is the l.ight portion in the upper ha.J..f of the photograph. Al.so 





0.36~ C Steel 500x 
Etcha.nt A 
Plated With titanium f'or 6 hours at 950°C. The titanium coating is 
the light band on the 0.3&/e C steel, which is in the lower right 
portion of' the photograph. 
27 
Fig. 10. 
0.36% C Steel Decarburized 1 hour at 950°C. 
Oxide Scal.e Removed and then Plated with Titanium for 8 Hours at 950°C 
Etchant B 150x 
The titanium coating is the very thin bright line visible at the top 
of the steel matrix. 
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Fig. 11. 
0.36% C Steel Decarburized 4 1/2 Hours at 950°C 
Oxide Scale Removed and then Plated with Titanium for 8 Hours at 950°C 
,£tchan>t B 150x 
The titanium coating is visible as the thin bright liDe adjacent to 
the top of the steel matrix. 
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Fig. 12. 
0.3~ C Steel Decarburized 1 Hour at 815°C 
Oxide Scale Removed and then Plated with Titanium for 8 lfottt!a a"i, 9S04 C 
Etchant B 150x 
The titanium coating is visible as the thin bright line at the top o:f 
the steel sample. 
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Fig. 13. 
0.3~ C Steel Decarburized 4 1/2 Hours at 815°C 
Oxide Scale Removed and then Plated with Titanium for 8 Hours at 950°C 
Etcbant B 150x 
The titanium coating is visible as the thin bright line at the top of' 
the steel sample. 
Fig. 14. 
0.3~ C Steel Decarburized 5 1/2 hours at 950°C and then plated 
With titanium for 6 hours at 950°C. Showing :rormation of titanium 
carbide in the Steel Matrix. 
Etchant B 293x 
3l. 
Fig. 15. 
Ingot Iron Polarized Light 
Plated with titanium for 6 hours at 950°C. ShoWing uniformity 
of deposit and columnar structure resulting from diffusion. 




Carburized Ingot Iron 
Plate~. 'With titanium for 6 hours at 950°C. Showing the .;varia:tion in 
plate tbi ckhe'ss with increase in carbon content. · 
Etcbant B 121.x 
Fig. 17. 
Carburized Ingot Iron 
Same as shown in Fig. 16. 
Etcbant B 87x 
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DISCUSSION 
A. THEORETICAL BACKGROUND AND INTERPRETATION CF DATA 
The theoretical explanation for the results shown in Figure 1 is 
7) 
based upon a consideration of the :rron-Carbon-'l'i tani urn phase diagram 
(7) American Society for Metals, Metals Handbook Constitution of 
Ternary Alloys, p. 1255, 1948. 
This ternary diagram is given for isothermal sections at 800°C and 
ll00°C. In order to establish the diagram for 950°C, it was assumed 
that the diagram for 950°C could be obtained by superimposing the 
diagrams available for 8o0°C and ll00°C, 950°C lying midway between 
the two given temperatures. The diagrams corresponding to 800°C and 
ll00°C were superimposed, and lines were drawn connecting the points 
of intersection of the corresponding phase fields. Points were taken 
at the midpoint of these connecting lines and were assumed to be the 
points of intersection of the phases present at 950°C. The isothermal 
sections of the ternary diagram at 800°C and ll00°C are shown in 
Figures 18 and 19. The new diagram for 950°C is shown in Figure 20. 
As the titanium is deposited, the titanium will diffuse into the 
base metal, with the formation of alloy layers equal in number to the 
phases stable in the ternary system at the chosen temperature. This 
8) 
was pointed out by l~hl in 1936. 
(8) Mehl, R. F., Diffusion in Solid Metals, Trans. A.I.M.E., Vol. 122, 
1936, p. 27. 
This generation of new phases upon diffusion ~11 lead to the formation 
of columnar grams oriented perpendicularly to the surface at which the 
FE -c -7i OIAGRAM 
800°C 
1.2 








o.a I.Z 1.6 
WEIGHT P&~CENr CA~80N 





W£t6Hr PE«£Nr CA~IDN 
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9) 
diffusion is taking place This is very well illustrated by Figure 
{9) ~hl, R. F., op. cit. 29. 
15. Counter diffusion of the iron into the titanium coating also 
takes place, and was shown by spectrographic analysis of titanium de-
posited on ingot iron. The iron triplet at 3100 angstroms was quite 
prominent. 
The phases that will be present are determined by the carbon con-
tent of the sample being plated. A line drawn parallel to the side of 
the ternary diagram at the iron end and fixed by the carbon content of 
the sample, will intersect the phases that will be present at 950°C as 
the titanium content increases by diffusion. 
When titanium is deposited on ingot iron {C less that 0.01%), the 
first phase formed will be the gamma solid solution. As the titanium 
content increases, the alpha plus gamma phases will be formed, and then 
the alpha field will be entered. When 0. 12<% C steel is plated, the 
gamma and alpha plus gamma phases will be formed, but the alpha plus 
titanium carbide field is narrowly missed, and little if any titanium 
carbide will be formed. In the case of the 0.15% C steel, the alpha 
plus titanium carbide field is definitely entered, and titanium carbide 
is precipitated. The titanium carbide being the new phase present 
will precipitate at the gram boundaries, or in this case, at the inter-
face of the base metal and titanium coating. Once the titanium carbide 
has precipitated, the diffusion of the titanium into the steel will be 
10) 
tremendously slowed Since no adherent coating will be formed 
(10) Cornelius and Bo1lenrath1 op. ~., pp. 145-152. 
4o 
Without di:f:fusion taking place, the plating process is essentially 
stopped by the . :formation o:f the titanium carbide. This would seem to 
account :for the sharp drop in the weight of titanium plated, in the 
interval between 0. 12% C and 0. 15% C. If' the carbon content o:f the 
steel is increased to 0.3~ c, a lower titanium content at the surface 
o:f the steel can cause the :formation o:f titanium carbide, and the 
diffusion o:f the titanium Will be stopped sooner, resulting in a lower 
11, 12) 
weight plated. Previous workers have noticed that carbon d.if'-
(11) :D>"P.ey, Jenkins and Randle, op. ~., pp. 213-236. 
(12) Daeves, Becker and Steinberg, ~· cit. 
:fusion took place :from the interior of' the steel to the surface due to 
the concentration gradient set up by the precipitation of' chromium 
carbide during chromizing. While this effect was not noticed in this 
investigation, it would tend to raise the e:f:fective carbon content at 
the surface of the steel, :forming greater amounts of' titanium carbide, 
thus inhibiting diffusion to a greater extent than before. 
The thickness of the titanium coating will increase with time. 
The driving force that causes this is the diffusion of' the titanium 
into the steel. The deposition of the titanium will cease as soon as 
a concentration gradient ceases to exist at the interface o:f the coating 
and the steel. This concentration gradient will begin to decrease as 
soon as titanium carbide is :formed, and will not exist as soon as the 
titanium content has equalized i tsel:f in the coating. Therefore the 
results shown in Figure 2 regarding the variation of' the thickness o:f 
the coating with carbon content would seem to :follow as a logical con-
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sequence of what has been said about the variation of the weight plated 
with carbon content. Qualitatively, this is shown in Figures 1.6 and 
17. As the carbon content of the carburized layer decreases going 
into the specimen, the increase in the thickness of the coating can 
be seen. 
The susceptibility to acid attack of the pl.ated specimens would 
tend to increase as the thickness of the coating decreased, as can be 
seen from an inspection of Table 5· 
Methods of Circumventing the Limitation Imposed by the Carbon Content: 
Two methods were considered for circumventing the l.imitation 
imposed by the carbon content in the deposition of titanium on plain 
carbon steels. 
If' an element coul.d be added . to the steel. that had a greater 
a.ffini ty for carbon than titanium, it woul.d ef'f'ecti vely tie up the 
carbon and allow continued diffusion of the titanium. Since t~ 
standard free energy of formation of a compound is a measure of' its 
stability, a tabulation was made :for various carbides, and is shown 
in Table 8. 
Table 8 
Compilation o:f Standard Free Energies of Formation of 



























As can be seen from the table, titanium carbide has the largest 
negative free energy of formation, and therefore if any element were 
to be added to the steel to tie up the carbon, its free energy of for-
ma.tion would have to approach that of titanium carbide. 
A steel stabilized with titanium may prove to be satisfactory in 
this respect, but unavailability of such steels prevented further work 
in this direction. 
The other method was a preliminary investigation of the decar-
burization of steel to reduce the carbon concentration at the surface, 
while allowing the remainder of the steel to retain its original carbon 
content. The 0.36~ C steel was chosen for these experiments so com-
parison could be made With the weight plated on non-decarburized 0.36% 
C steel. The two decarburization temperatures chosen were 950°C 
(1742~) and 815°C (1500~). 
13) 
Pennington reported the formation of ferrite bands if decar-
(13) Pennington, W. A., A Mechanism of the Surface Deca.rburization of 
Steel, Trans. American Society for Metals, Vol. 371 p. 48. 
burization is carried out ~thin the critical range from 1350 to 1640°F 
(730 to 895°C). Above the upper critical temperature, no ferrite 
banding takes place. Pennington explains :ferrite banding in this 
manner. As decarburization proceeds, the carbon content will decrease 
until the As line is reached on the iron-carbon phase diagram. This 
field consists of ferrite plus austenite. As the carbon elimination 
proceeds at the surface, the surface carbon content must be between 
zero and the limit of solubility of carbon in alpha iron, or greater 
than the composition given by the As line at any particular temperature 
in the critical range. In specimens in which f'errite banding bas been 
produced, there is a sharp boundary between the ferrite and the remain-
der of the steel matrix. The specimens that were decarburized above 
this critical range do not show any ferrite banding, but show a gradual 
increase in carbon content ranging from practically zero at the surface 
to the original carbon content in the interior. 
Two sets of specimens were decarburized at 950•c (1742~) for times 
of 1, 2, 3 3/4 and 4 1/2 hours. The loosely adhering oxide scale was 
removed, the tightly adhering oxide scale was allowed to remain, and 
the specimens were then plated. The results are shown in tabular form 
in Table 7 and graphically in Figure 3. No explanation immediately 
offered itself for the reversal of the curves shown in Figure 3. When 
the tightly adhering oxide scale was being removed with hydrochloric 
acid in preparing the other sets of' specimens, it was noticed that it 
took an increasingly longer time for the acid to remove the tightly 
adhering oxide layer for the 1, 2, and 3 3/4 hour samples. All of the 
oxide layer came off of the 4 1/2 hour sample, while just part came off 
the 1, 2 and 3 3/4 hour samples. Leaving an increasingly thick oxide 
layer on the decarburized steel and then removing almost all of the 
oxide layer, would result in the type of curve shown in Figure 3. For 
it would take a longer time for the oxide scale to be removed the 
thicker it is. The shape of the curves in Figure 3 were shown to be a 
· function of the oxide scale. This was done in the following way. Another 
set of specimens was decarburized at 950°C for the same times as before. 
The oxide scale was removed with hydrochloric acid, and the specimens 
were plated for 8 hours at 950°C. The results are shown in Figure 5· 
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This curve shows a steady increase in weight plate with decarburizing 
time as would be expected. The results of the decarburization of 
0.3&fo C steel at 8l5°C (l500°F) with the oxide scale removed is shown 
in Figure 4. These specimens were plated 8 hours at 950°C. 
The temperatures of 815°C and 950°C were used as decarburization 
temperatures to compare the effects of a ferrite banded specimen on 
the deposition of titanium as compared to a specimen that had been 
decarburized above the critical range. 
The coatings obtained on the 0.36~ C steel decarburized at 815°C 
were uniform, while those obtained on the 0.3~ C steel decarburized 
at 950°C showed heavy deposits all along the edges With fairly uniform 
deposits in the other regions of the specimen. Figures 10 through 13 
show the similarity of the coatings in regions of the specimens away 
from the edges. The heavy deposits along the edges of" the specimens de-
carburized at 950°C can be attributed to the greater carbon elimdnation 
in these areas due to the lack of ferritic banding. The heavy deposits 
at the edges account for a large majority of the difference between the 
weights plated on the two sets of specimens. 
That ti taniuro carbide is precipitated at the interface of the 
coating and steel can be seen from Figure 14. This specimen was de-
carburized for 5 1/2 hours at 950°C and the oxide coating was ground 
off on the belt sander. It was then plated :for 8 hours at 950°C. The 
titanium carbide precipitated at the points where the carbon content 
was high and the titanium content was high enough to form the carbide. 
The precipitated carbide takes the form of a thin line going from surface 
to surface, bypassing the corner of the specimen and can be clearly seen. 
B. EXPERIMiml'AL DIFFICULTIES 
The development of several of the techniques used in this in-
vestigation, particularly the examination and evaluation techniques, 
were especially time consumdng. 
Various methods were tried in the mounting of the plated specimens. 
Bakelite was used as the mounting medium, but proved to be unsatis-
factory because of the low contrast between the bakelite and the 
plated edge. 
In an effort to minimize edge rounding of the specimen, thin 
steel plates were wired to the specimen, then the specimen was mounted. 
This proved unsatisfactory because the steel plates tended to deform 
the titanium coating, increasing the difficulty of accurate evaluation. 
Several sectioning methods were tried before the present method 
was decided on. The first mounted specimens were sectioned with a 
power hacksaw and were mutilated. A silicon carbide cut-off wheel was 
next used, but the flexibility of the abrasive wheel prevented a 
reasonably plane surface from being obtained, and took long periods of 
time. A smooth surface was obtained on the sample, however. 
The present method of mounting the specimen in a vise and sec-
tioning with a hand hacksaw was finally decided upon as giving the 
best results in the most reasonable time. 
Severe edge rounding of the mounted sample could be reduced 
by careful polishing on the emery paper, and diamond dust was used 
to obtain a fine polish without severe edge rounding. 
C. SOURCES OF EXPERIMENTAL ERROR 
A possible error in the determdnation of the relationship be-
· tween the weight of titanium plated and the carbon content is the 
assumption that the true weight plated is the difference in the 
weight of the sample before and after plating. A portion of the 
steel sample may have been corroded by the molten sodium chloride 
before the actual deposition of the titanium started. If this is 
the case, then the true weight of titanium plated would be greater 
than that measured. 
The thicknesses of the titanium coatings as graphed are average 
thicknesses. As the thickness varied slightly on different portions 
of the specimen~ it was felt that this way of reporting the thick-
nesses would give the best representation. 
D. DEFICIENCIES OF THE WORK 
46 
The reproducibility of the weight of titanium plated on any one 
set of samples is not good. This may in part by accounted for by a 
variation in the temperature o:f the Glo-bar furnace used. The silicon 
carbide Glo-bars had a tendency to develop "hot spots", thereby causing 
uneven heating in di:f:ferent areas of the :furnace. The poor reproduci-
bility may also be a result o:f :failure to take into account other 
variables in the plating procedure, at the present time unknown. 
The test used to determine susceptibility to acid attack is by 
no means a complete one~ but gives a practical idea o:f the resistance 
to acid. This test can be improved upon to determine accurately the 
resistance to acid attack o:f the coated specimens under varying con-
ditions. 
The method used_to remove the loosely adhering oxide scale on 
the 0.36% C steel was more or less haphazard, the scale being scraped 
off until no more could be removed. The increase in weight of the 
oxide coated specimen is not a true weight of titanium plated, as the 
tightly adhering oxide scale was taken into account in the original 
weight of the specimen. 
The photographs taken of the titanium coatings upon the various 
carbon steels are not very useful, in that they do not show the 
structures immediately beneath the coating. 
E. SUGGESTEil FURTHER WORK 
A more accurate correlation between the weight of titanium plated 
and the carbon content could be obtained by improving the reproduci-
bility of the weights of titanium plated on steels of various carbon 
contents. This could be done by improving the temperature regulation 
of the :furnace used. Also, the actual nature of the phases present 
immediately beneath the coating could be determined by various methods 
available for such work. Depth-concentration curves could also be ob-
tained by these methods, and these data could be used in calculating 
diffusion coefficients of titanium into iron and steel. 
Although the test used in this investigation to determine the 
resistance to acid attack was a practical one, further work could be 
done on the corrosion of the coated specimens under different condi-
tions of temperature, concentration of acids, etc. 
From a practical point of view, the effect of heat treatment of 
the coated steel articles on the titanium coating would be of impor-
tance, as all previous beat treatment properties would be removed by 
the time and temperature used in the plating procedure. 
If steel samples were obtainable containing elements that show 
an affinity for carbon, further work could be done to determine the 
erfecti veness o:f these elements in preventing the formation of 
ti~anium carbide at the surface of the steel. 
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The preliminary investigation upon the effects of decarburization 
on the deposition of' titanium pointed out the fact that an increase in 
l-le:tgbt plated over the undeca.rburized steel can be obtained. Tempera-
tures and decarburization times other than those used in this work would 
add to the effectiveness of' this method of circumventing the limitation 
i~osed by the carbon content at the surface of the steel. Work done 
on the practicability of plated decarburized specimens with the oxide 
layer still adhering could also be determined. Determination of the 
e~fect of the actual nature of the oxide layer remaining would throw 
light upon this study. 
CONCLUSIONS 
The conclusions reached in this work are as follows: 
1) On steels having a carbon content below 0.~ c, uninhibited 
diffusion of titanium into iron and iron into titanium takes 
place. 
2) As a result of this diffusion, corrosion resistant coatings 
of titanium of the order of 0.001 inches thick can be produced. 
3) On steels having a carbon content greater than 0.~ c, titanium 
carbide is formed at the interface of the coating and the steel, 
resulting in aLmost complete cessation of diffusion of titanium 
into the steel. 
4) As soon as the titanium carbide is formed, the plating process 
is halted, resulting in lower weights of titanium plated and 
in thinner coatings. 
5) The corrosion resistance of titanium coatings on steels above 
0.12% C is decreased. 
6) Decreasing the carbon content at the surface of' steels above 
0.12% C by decarburization will result in greater weights of 
titanium plated. 
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SUMMARY OF RESULTS 
The weight of titanium diffusion coatings obtained in molten salt 
baths was found to decrease sharply on steels containing more than 
o.~ c. The thiCkness of the deposited titanium also decreased 
sharply above the same carbon content. Below 0.1~ C, coatings of 
about 0.001 in. were obtained in 6 hours at 950°C. The resistance of' 
the specimens to attack by 3~ nitric acid was good, and decreased 
rapidly for plated steels above 0.12% C. 
Consideration was given to methods of circumventing the limitation 
imposed by the carbon content in the plating of' plain carbon steels. 
The first method considered was the addition of' elements having an 
affinity f'or carbon to the steel to prevent the formation of titanium 
carbide. Unavailability of' such steels prevented further work in this 
direction. The second method considered was the decarburization of' 
0.3&/o C steel to reduce the carbon content at the surface. It was 
:found that an increase of the weight of' titanium plated over the weight 
plated on undecarburized 0. 36% C steel could be obtained. By allowing 
a tightly adhering oxide layer to remain on the decarburized steel be-
fore plating, a decrease in the weight of' titanium plated with an in-
crease in decarburizing time occurred, followed by an increase in the 
weight plated after a decarburizing time of' 3 3/4 hours. 
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